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Lack of Nidogen-1 and -2 Prevents Basement
Membrane Assembly in Skin-Organotypic Coculture
Roswitha Nischt1,4, Cathrine Schmidt2,4, Nicolae Mirancea2, Anke Baranowsky1, Sharada Mokkapati1,
Neil Smyth3, Eva C. Woenne2, Hans-Ju¨rgen Stark2, Petra Boukamp2 and Dirk Breitkreutz2
Nidogens are considered as classical linkers joining laminin and collagen IV networks in basement membranes
(BMs); however, recent genetic approaches have suggested that nidogens function in a tissue-specific and
developmental context. Thus, in mice lacking both nidogen-1 and -2 heart and lung were severely affected,
causing neonatal death. Furthermore, in various locations, extravasation of erythrocytes was observed implying
microvascular defects. Mice expressing solely either isoform, had a functional BM, although nidogen-2 binds
with lower affinity to the laminin g1 chain. Having previously blocked BM formation by interfering with
nidogen-1 binding to laminin in skin-organotypic cocultures, here we investigated the roles of nidogen-1 and -2
in this model. For that purpose, human HaCaT cells were grown in three-dimensional cocultures on collagen
matrices containing murine fibroblasts of varying nidogen deficiency. As with our experiments blocking
laminin–nidogen interaction, lack of both nidogens completely prevented BM deposition and ultrastructural
assembly of BM and hemidesmosomes, although other BM proteins remained detectable at comparable levels
with no signs of degradation. Supplementation by recombinant nidogen-1 or -2 restored these structures, as
shown by immunofluorescence and electron microscopy, confirming that in this system nidogen-2 is equivalent
to nidogen-1, and both can promote the development of a functional BM zone.
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INTRODUCTION
Basement membranes (BMs) are highly specialized extracel-
lular matrices underlying epithelia and endothelia as well as
enveloping several mesenchymal cell types. In skin, the BM
forms the dermal–epidermal junction (DEJ), separating epider-
mis from dermis and providing an adhesive and dynamic
interface. Thus, BM is crucial for structural and functional
integrity of skin. Key structures herein, forming firm anchorage
for basal keratinocytes, are the epidermal hemidesmosomes
(Borradori and Sonnenberg, 1999) which are connected by
multiple molecular linkers to the scaffold of BM (Timpl and
Brown, 1996; McMillan et al., 2003; Yurchenco et al., 2004).
Beside these skin-specific features, all BMs contain at least one
representative of the laminin, nidogen, collagen IV, and
proteoglycan families (Timpl and Brown, 1996; Aumailley
and Rousselle, 1999; Miner and Yurchenco, 2004). Both
laminin and collagen IV have the ability to self-assemble into
extensive networks in vitro. However, in vivo initiation of BM
formation requires laminins (Smyth et al., 1999; Miner and
Yurchenco, 2004), whereas mechanical strength is largely
implemented by collagen IV (Po¨schl et al., 2004).
The nidogen family, representing multivalent matrix
binding proteins, consists in mammals of two members,
nidogen-1 and -2 (Carlin et al., 1981; Timpl et al., 1983;
Kimura et al., 1998; Kohfeldt et al., 1998). Both are
ubiquitous BM proteins, nidogen-1 being more abundant
whereas nidogen-2 displays distinct expression patterns
throughout development and in adulthood (Salmivirta et al.,
2002). Interactions with many other BM components have
been demonstrated in vitro, in particular with laminins and
collagen IV, implying an essential integrating role for BM
assembly (Fox et al., 1991; Aumailley et al., 1993; Kohfeldt
et al., 1998). The binding between nidogen-1 and the III4-
module in the laminin g1 short arm has been extensively
studied both in vitro and in vivo (Mayer et al., 1993; Po¨schl
et al., 1996; Willem et al., 2002). Inhibition of this interaction
resulted in defects in BM formation in organ or coculture
systems (Ekblom et al., 1994; Kadoya et al., 1997; Tunggal
et al., 2003; Breitkreutz et al., 2004). However, findings in
mice with genetic deletion of this binding module indicated
that this high-affinity interaction, although crucial for certain
BMs, is not a general prerequisite for BM assembly (Willem
et al., 2002). Genetic deletion of either nidogen alone did not
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reveal alterations in BM architecture (Murshed et al., 2000;
Dong et al., 2002; Schymeinsky et al., 2002) and, together
with redistribution and upregulation of nidogen-2 in nidogen-
1-deficient mice, suggested partial redundancy (Murshed
et al., 2000; Miosge et al., 2002). Mice lacking both nidogens
die shortly after birth from lung and heart anomalies, directly
correlated to BM defects (Bader et al., 2005). However, most
other BMs appear normal ultrastructurally, implying a tissue-
related requirement for nidogens.
Skin-organotypic cocultures (three-dimensional (3D)
cocultures) resemble many aspects of skin. In this model, a
BM is formed between keratinocytes growing at the air–liquid
interface and a collagen gel embedding dermal fibroblasts
(Limat et al., 1996; Stark et al., 1999; Berthod et al., 2001;
Li et al., 2004; El Ghalbzouri et al., 2005). The BM is
assembled from components produced cooperatively by both
cell types (Marinkovich et al., 1993; Fleischmajer et al.,
1995; Smola et al., 1998; Breitkreutz et al., 2004; Marionnet
et al., 2006; Sher et al., 2006).
To study nidogen functions in DEJ organization, we
implanted fibroblasts deficient in expression of one or both
nidogens in 3D cocultures. For the epidermal compartment,
either normal human or HaCaT cells (Boukamp et al., 1988;
Breitkreutz et al., 1993, 1998) were used. Complete nidogen
deficiency led to the loss of all major BM components from
the epidermal–collagen interface; however, this occurred
without markedly affecting epidermis formation. Ultrastruc-
turally, the BM zone was completely abolished and hemi-
desmosomes failed to develop. Supplementation by either
recombinant nidogen-1 or -2 compensated for these defects
and not only rescued but also promoted BM formation.
RESULTS
Nidogens present in the coculture are derived from fibroblasts
To study the role of nidogens for BM formation and epidermal
morphogenesis, we employed skin-organotypic 3D cocul-
tures of HaCaT cells (clone 6) with murine fibroblasts
defective in nidogen expression. As positive control, we used
fibroblasts from newborn mice heterozygous for both the
NID1 and NID2 mutation revealing a fully normal phenotype
(Bader et al., 2005). Using indirect immunofluorescence (IIF)
and Western blot analysis, we first questioned whether
fibroblasts are the only nidogen-expressing cells in this
system. A strong linear deposition of nidogen-1 was apparent
in control cocultures, whereas nidogen-2 staining was less
pronounced and discontinuous (Figure 1a and b). In
cocultures with either nidogen-1- or -2-deficient fibroblasts,
the respective nidogen was abolished (Figure 1d and e)
whereas continuous labeling was seen for the expressed
isoform (Figure 1c and f). However, staining was barely
visible when only one NID2 allele was functional (Figure 1g
and h; NID1/ NID2þ /); these cocultures showed a
tendency for blistering (Figure 1h). Neither nidogen-1 nor
-2 was detected in combination with fibroblasts deficient for
both isoforms (Figure 1i and j), indicating that fibroblasts are
the only nidogen source in these cocultures. This was further
corroborated by immunoblots of protein extracts from
monolayer two-dimensional (2D) cocultures of HaCaT cells
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Figure 1. Analysis of nidogen-1 and -2 deposition in skin-organotypic 3D
cocultures of HaCaT cells. Shown are mouse fibroblasts expressing (a, b) both
nidogens, (c, d) only nidogen-1, only nidogen-2 with (e, f) two or (g, h) one
functional allele, or (i, j) lacking nidogen expression. Immunofluorescence
with antibodies against (a, c, e, g, i) nidogen-1 and (b, d, f, h, j) nidogen-2
shows with heterozygous fibroblasts (þ/þ and þ/) (a, c) strong
linear staining at the DEJ for nidogen-1 and (b, d) significantly weaker (þ/
þ) or no staining (þ/) for nidogen-2, respectively. Considerable
compensation of interface staining by nidogen-2 is seen in the absence of
nidogen-1 with (e, f) homozygous but not (g, h) heterozygous (/þ)
fibroblasts. (i, j) In the nidogen-depleted 3D cocultures, both nidogen
isoforms are undetectable. Detection of nidogen-1 on (k) Western blots of
protein extracts of the separated epithelial and dermal (collagen matrix with
fibroblasts) compartments using nidogen-1 antibodies. Levels of nidogen,
being present in both compartments of 3D cocultures (shown in a, c, i),
appear reduced in fibroblasts with only one functional NID1 allele (lanes 1–3
and 4–6). In nidogen double-null fibroblasts, no nidogen-1 could be detected
in 3D or in conventional 2D cocultures (lanes 3, 6, and 8). The loading
control (*, **) shows bands stained by secondary antibodies alone. Fibroblast
genotypes are: (a, b, k; lanes 1, 4, and 7) NID1þ / NID2þ /, (c, d, k; lanes 2
and 5) NID1þ / NID2/, (e, f) NID1/ NID2þ /þ , (g, h) NID1/ NID2þ /,
and (i, j, k; lanes 3, 6, and 8) NID1/ NID2/; nidogen-1 band (ND) at
160 kDa. Bar¼ 50mm.
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with control and nidogen-deficient fibroblasts (Figure 1k;
lanes 7 and 8), or from the epithelial part (lanes 1–3) and
the collagen gel (lanes 4–6) of 3D cocultures using antibodies
against nidogen-1; separation of both tissue compartments
has been achieved by incubation with dithiothreitol
(Breitkreutz et al., 2004). Nidogen-1 was readily detectable
in 2D coculture (lane 7) or both tissue compartments in
3D coculture with control fibroblasts (NID1þ / NID2þ /)
(lanes 1 and 4), being slightly reduced with fibroblast
containing only one functional NID1 allele (NID1þ /
NID2/). No nidogen-1 was detectable in cocultures with
fibroblasts lacking both isoforms (NID1/ NID2/), further
underlining that only fibroblasts contribute to nidogen-1
production. Generally, nidogen-2 was barely detectable by
immunoblots, signals being hardly over background in
samples with highest nidogen-2 expression (NID1/
NID2þ /þ ; data not shown).
Nidogens are not required for epidermal histogenesis and
differentiation
We then analyzed if nidogen depletion affects the morpho-
logy of 3D cocultures. Histology after 12 days of cultivation
revealed pronounced epithelial stratification in controls
including superficial granular layers and signs of cornification
(Figure 2a) comparable to HaCaT 3D cocultures with normal
human fibroblasts (own data; Schoop et al., 1999). Interest-
ingly, the epidermal morphology was largely comparable in
all combinations with nidogen-deficient fibroblast variants
(Figure 2b–e). Epidermal characteristics were confirmed by
IIF applying antibodies against keratins K1 and K10 as early
(Figure 2f–j) and loricrin as late differentiation markers
(Figure 2k–o). These antibodies revealed no significant
differences in protein localization and staining intensities
between controls and cocultures with different nidogen-
depleted fibroblasts. Thus, even complete nidogen deficiency
did not compromise epidermal differentiation in this system
(Figure 2i, j, n, and o; see also Figure 3). However, the
fibroblasts lacking expression of both nidogens formed
unusual structures in the collagen matrix with cell strands
or accumulations close to the epithelial interface (Figure 2e,
arrows).
Nidogens are essential for BM formation on a collagen matrix
We then questioned whether nidogen depletion affects other
BM components. Besides general BM-laminin staining (Figure
2f–j) with antibodies against laminin-1 (laminin111; a1b1g1)
(Paulsson et al., 1987; new nomenclature in Aumailley et al.,
2005), the main isoform in skin, laminin-10 (laminin511;
a5b1g1) was detected by antibodies against the a5 (Figure
2k–o) and g1 chain (not shown; see Figure 3e and f),
recognizing laminin511 but also laminin311 (laminin-6,
a3b1g1). Linear staining occurred in positive controls (Figure
2f and k) and was similar in cocultures where either nidogen
was present, albeit in certain cases somewhat reduced.
Laminin staining was entirely missing in the absence of both
nidogens (Figure 2i, j, n, and o). Collagen IV revealed a
continuous staining (Figure 2p) and variable, but stronger
reduction (q, r) or loss with diminishing nidogen (s, t),
respectively (DEJ marked by arrows, columns i and j). Similar
alterations were seen for perlecan (not shown, see Figure 3g
and h). In contrast to the other BM components, laminin-5
(laminin332; a3b3g2), although dramatically reduced, was
still detectable at the DEJ upon complete nidogen depletion
(Figure 2u versus v–y).
In parallel, we observed changes in the staining patterns
for integrin a6b4 (a6 chain; Figure 2z–dd), as hemidesmo-
some constituent binding strongly to laminin-5. The integrin
a6 chain decorated mainly the junctional interface
(Figure 2z), only moderately reduced in cocultures with still
detectable nidogen (Figure 2aa and bb; see also Figure 1c–f).
However, in cocultures missing nidogen label (Figure 2cc
and dd; see also Figure 1g–j) a6-staining at the DEJ was weak
or discontinuous, remaining rather pericellular (compare
insets in z and dd). Related to their BM defects, nidogen
lacking cocultures showed an increased tendency for splitting
at the interface (Figure 2dd, arrowheads), indicating at least
a general weakening of cell–matrix adhesion (lack of
hemidesmosomes, see Figure 6).
Nidogen depletion causes comparable BM defects in normal
keratinocyte 3D cocultures
HaCaT cells are fully capable to express epidermal functions
as shown previously by grafting on nude mice. However, BM
formation and tissue normalization are delayed when
compared to normal human keratinocytes (NHKs) both in
vivo (Breitkreutz et al., 1997, 1998) and in vitro (Schoop
et al., 1999; Stark et al., 1999). Thus, in order to validate the
data with normal keratinocytes, we established NHK 3D
cocultures with nidogen-deficient fibroblasts (Figure 3). This
allowed further a direct comparison with the effects of the
laminin g1-fragment on BM assembly in NHK 3D coculture,
blocking laminin–nidogen interaction (Breitkreutz et al.,
2004). Apart from faster epidermal maturation, again deple-
tion of nidogen-1 and -2 (Figure 3b and d) did not interfere
with differentiation of NHKs, exemplified by K1, K10 staining
(Figure 3a and b), but completely abolished deposition of
other major BM components, as demonstrated for the laminin
g1 chain (Figure 3e and f ), perlecan (Figure 3g and h), and
collagen IV (not shown), comparable to the HaCaT 3D
cocultures.
Lack of nidogen-1 or -2 does not alter the production of other
BM proteins
In order to question the fate of other BM components in the
absence of nidogen, protein extracts isolated from 2D and 3D
coculture combinations (shown in Figure 1) were analyzed
by Western blotting (Figure 4). Collagen IV maintained an
even distribution between epidermal and dermal compart-
ments (Figure 4a; lanes 1–3 and 4–6) in the absence of
nidogens, band intensities matching loading controls (Figure
4a*). On the other hand, laminin-10, probed for with anti-a5
and anti-g1 (the latter not shown), was found only in the
epithelial compartment, showing as well similar intensities
irrespective of nidogen levels (Figure 4b). For laminin-5
(Figure 4c; detection of the a3, b3, and g2 chains) the distri-
bution resembled collagen IV, being present in epidermal
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and dermal compartments. However, contrary to largely
unprocessed laminin-5 from the epithelial samples (lanes
1–3), and 2D cocultures (lanes 7 and 8), laminin-5 from the
dermal compartment was extensively processed (lanes 4–6).
Neither processing nor levels of extractable laminin-5 were
altered by nidogen depletion. This was most apparent in the
conversion of the full-length a3 (200 kDa) to the 165/145 kDa
form, whereas the g2 chain (155 kDa) was partially processed
to a 105 kDa band, being confirmed with anti-g2 antibody
(data not shown). Collectively, protein analysis revealed a
substantially unaltered synthesis and processing of BM
components in the absence of both nidogens.
Recombinant nidogen-1 or -2 restores BM deposition and
ultrastructure
To analyze whether the defects in BM formation upon
nidogen depletion can be rescued by each isoform, nidogen-
deficient 3D cocultures were supplemented with recombi-
nant nidogen-1 or -2 throughout the whole cultivation time of
12 days. Initial analysis of nidogens in these cocultures by IIF
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Figure 2. Epithelial organization and altered BM deposition in HaCaT 3D cocultures (12 days). Shown are mouse fibroblasts expressing (a, f, k, p, u, z) both
nidogens, (b, g, l, q, v, aa) only nidogen-1 or (c, h, m, r, w, bb) nidogen-2 with two and (d, i, n, s, x, cc) only one active allele, or (e, j, o, t, y, dd) lacking
expression of both nidogens. (a–e) Histological sections reveal in all combinations comparable stratification (j; arrows, unusual grouping of nidogen-null
fibroblasts), which correlates to normal onset of differentiation indicated by (f–j) suprabasal keratins K1 and K10 as well as (k–o) the late marker loricrin. Regular
BM-like staining of the DEJ throughout is seen only in the control 3D cocultures (þ/þ; left column) using antibodies against (f–j) EHS-laminin, (k–o; for
laminin-10) laminin a5, (p –t) collagen IV, and (u–y; for laminin-5) laminin g2. BM deposition is largely maintained with the deficient fibroblast variants þ/
and /þ þ (columns g and h), being most affected for collagen IV (q, r). DEJ-lining is virtually lost with variant /þ (column i), closely resembling
cocultures totally depleted of nidogen (column j), (x, y) except for marginal decoration by laminin g2. Linear DEJ-labeling by integrin a6 chain is pronounced in
the (z–cc) presence but weak in the (dd) absence of nidogen, showing instead largely pericellular staining and signs of junctional splitting (arrowheads) at the DEJ
(arrows, columns i and j). Fibroblast genotypes are: (column f) NID1þ / NID2þ /, (column g) NID1þ / NID2/, (column h) NID1/ NID2þ /þ , (column i)
NID1/ NID2þ /, and (column j) NID1/ NID2/. Bar¼ 50mm.
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revealed that the respective exogenous nidogen isoform was
efficiently recruited and continuously deposited at the DEJ
(Figure 5a versus c, d). Exceeding of saturation levels in
supplemented positive controls (NID1þ / NID2þ /) was
indicated by additional diffuse dermal staining as shown for
nidogen-2 (Figure 5b). Deposition of either nidogen-1 or -2
was paralleled by linear continuous staining of the other BM
components, such as laminin-10 (Figure 5e–h), laminin-5
(Figure 5i and j), perlecan (Figure 5k and l), and collagen IV
(data not shown) in supplemented 3D cocultures. This clearly
demonstrates that nidogen is essential for retaining these
components at the DEJ and that in this model the two
nidogens could fully compensate for each other.
Ultrastructurally, at this early stage (day 12), merely foci of
developing hemidesmosomes (initiating basal lamina assem-
bly) were seen in the control (Figure 6a); some delay in BM
formation had been observed previously in vivo and in vitro
compared to normal keratinocytes (Breitkreutz et al., 1997,
1998; Schoop et al., 1999; Stark et al., 1999). In contrast,
there was a complete lack of any such structures in 3D
cocultures lacking nidogen; here, the basal keratinocytes
maintained a close association with underlying collagen
fibrils (Figure 6b, open arrows). This confirmed that nidogens
are crucial for initiation of BM assembly in this skin model
and that their depletion causes a profound functional failure
in the formation of the entire BM zone. We then examined
whether the re-addition of either nidogen-1 or -2 resulted in
the development of an ultrastructurally defined BM. Addition
of either isoform did not only overcome the defects owing to
missing endogenous nidogens, but accelerated BM assembly
(Figure 6c and d) and increased the number of developing or
mature hemidesmosomes (Figure 6c and d, thick and small
arrows), compared to controls with nidogen-expressing
fibroblasts (Figure 6a).
DISCUSSION
In this study, we demonstrated for the first time a direct
influence of both nidogen isoforms on BM formation in a 3D
organotypic coculture model, mimicking essential aspects of
skin remodeling (Stark et al., 1999). Besides epidermal
reconstruction, this model is defined by regular deposition
of BM components and the formation of the typical
ultrastructural elements including hemidesmosomes.
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Figure 3. Changes in 3D cocultures of NHKs and nidogen-deficient murine
fibroblasts (a, c, e, g) lacking one or (b, d, f, h) both alleles each. Distinct DEJ
decoration by BM components (left column) which is not detectable upon
total nidogen depletion (right column), (a, b) labeling for nidogen-1, (c, d)
counterstained for keratins K1 and K10, nidogen-2, (e, f) the laminin g1 chain,
and (g, h; decorating also fibroblasts in the matrix; inset, enlarged) perlecan.
(b, d, f, h) Arrows demarcate the DEJ, (c, d) asterisks indicate unspecific
staining in the granular layer. Fibroblast genotypes are: (a, c, e, g) NID1þ /
NID2þ / and (b, d, f, h) NID1/ NID2/. Bar¼50 mm.
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Figure 4. Detection of BM proteins. Detection of BM proteins in extracts
from epidermal (3D-Ep, lanes 1–3) and dermal compartments (3D-De, lanes
4–6) of HaCaT 3D cocultures (12 days), respective 2D cocultures for
comparison (2D-Cc, lanes 7, 8), with mouse fibroblasts expressing both
nidogens (þ /þ ), only nidogen-1 (þ /), or lacking nidogen completely
(/). Relatively even distribution of collagen IV (a, CIV) is seen between
both compartments, although a stronger band is apparent in the dermal part
with nidogen-null fibroblasts (lane 6); lower bands (irrelevant antibodies) as
loading control (*). (b) The laminin a5 chain, representative for laminin-10
(a5b1g1), is only detectable in the epidermal part, independent of the nidogen
levels. Laminin-5 (a3b3g2) is evenly distributed (c; like collagen IV) showing
comparable levels in all 3D and 2D cocultures. However, a strong increase is
seen in the processing of the a3 and g2 chains in all dermal fractions (lanes
4–6, a* and g*). Western blots of protein extracts from separated 3D
compartments (dithiothreitol-treated) or whole 2D cocultures; 30 mg total
protein per lane was separated on 6% (laminin a5 chain, laminin-5) or 10%
(collagen IV) SDS-polyacrylamide gels.
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In the past, nidogens have been considered indispensable
as linkers between laminins and collagen IV, being a
prerequisite for BM formation. The high-affinity binding of
nidogen-1 to the g1III4-module of the laminin g1 chain,
shared by most laminin isoforms, was assumed to be critical
for crosslinking within the BM. Although the laminin-binding
domain G3 of mouse nidogen-1 and -2 shows a distinct
sequence identity of 50%, the affinity of nidogen-2 to this
specific g1-site is lower by one order of magnitude when
compared to mouse nidogen-1 (Salmivirta et al., 2002). Other
nidogen-binding epitopes might exist on the laminin mole-
cule (or certain isoforms), as suggested for nidogen-2 by
Kohfeldt et al. (1998), which may be preferred by one or the
other nidogen isoform. Nevertheless, in nidogen-1-deficient
mice, nidogen-2 largely compensates this defect (Murshed
et al., 2000; Miosge et al., 2002). Similarly, in our 3D
coculture system, combining HaCaT cells or NHKs with
nidogen-1-deficient mouse fibroblasts, nidogen-2 staining
was increased and more continuous at the DEJ in comparison
to controls. With double-null fibroblasts, no nidogen was
detectable, demonstrating that fibroblasts are the only
nidogen source in our model. Recently, it has been reported
that keratinocytes in similar cocultures express very low
levels of nidogen mRNA as shown by reverse transcription-
PCR (El Ghalbzouri et al., 2005; Marionnet et al., 2006).
However, this appeared to have no real impact as in our
studies, nidogen-expressing fibroblasts were a prerequisite for
regular BM development as initially reported by Marinkovich
et al. (1993).
Comparing 3D cocultures with different nidogen-depleted
fibroblasts, we observed a correlation between deposition of
other BM components and intensity of nidogen staining. In
adult mouse skin, about 85% of the extractable nidogen is
nidogen-1 (Salmivirta et al., 2002). Apparently, below a
certain threshold level of nidogen, deposition of other BM
components is severely diminished or absent, comparing
fibroblasts carrying only one functional NID2 allele (ND1/
ND2þ /) with those carrying one functional NID1 allele
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Figure 5. Restoration of BM deposition in nidogen-deficient HaCaT 3D
cocultures (/; a) by addition of either 5 lg/ml recombinant (left, c, e,
g, i, k) nidogen-1 or (right, d, f, h, j, l) nidogen-2 to the culture medium.
Supplementation was throughout the cultivation time of 14 days. (a versus c)
Exogenous nidogen-1 as well as (d) nidogen-2 is recruited to the DEJ.
(b) Staining is also observed within the collagen gel after exceeding saturation
levels as in control cocultures additionally supplemented with nidogen-2.
Comparable effects for both nidogens are seen for linear deposition of
(e, f; counterstained for K1 and K10) EHS-laminin, (g, h) laminin a5,
(i, j) laminin g2, (k, l) and perlecan. Fibroblast genotypes are:
(a, c–l) NID1/ NID2/ (b) NID1þ / NID2þ /. Bar¼ 50 mm.
+ −/+ − [− −/− −]
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Figure 6. Formation of an ultrastructurally defined BM zone in nidogen-
deficient HaCaT 3D cocultures (/) by recombinant (c) nidogen-1 or
(d) nidogen-2 under conditions as described in Figure 5. Electron microscopy
reveals a defined DEJ zone with signs of ongoing hemidesmosome assembly
in the (a; þ/þ) control coculture but not in the (b) nidogen-depleted
coculture, in which direct attachment of basal cells to collagen I fibrils
can be observed (open arrows). After addition of either (c) nidogen-1 or
(d) nidogen-2, an ultrastructurally defined BM zone with regularly structured
hemidesmosomes appears to form, showing continuous strands of lamina
densa. Thick (thin) arrows mark mature (developing) hemidesmosomes.
Fibroblast genotypes are: (a) NID1þ / NID2þ / and (b–d) NID1/ NID2/.
Bar¼1 mm.
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(ND1þ / ND2/), showing stronger nidogen synthesis.
Only laminin-5, a constituent of anchoring filaments bridging
basal cells and anchoring fibrils underneath the BM
(Rousselle et al., 1997; Chen et al., 1999), was under all
conditions retained at the BM zone, still faintly visible by IIF
upon full nidogen deprivation.
Loss of nidogens affected the BM zone similarly as
inhibition of nidogen–laminin interaction with a laminin g1-
fragment comprising the nidogen-binding site (Breitkreutz
et al., 2004). In either case, BM as well as hemidesmosome
formation was abolished at the ultrastructural level. The
much milder effect on laminin-5 and collagen IV in the
former study may be owing to the later onset of treatment (see
Materials and Methods) and the use of NHKs showing a
higher synthetic rate and faster BM assembly than HaCaT
cells (Breitkreutz et al., 1997, 1998; Schoop et al., 1999;
Stark et al., 1999). Further, despite the linear labeling of
laminin-5 and collagen IV (IIF), electron microscopy clearly
revealed that any BM or adhesion structures were missing.
This is consistent with our findings here using nidogen
double-null fibroblasts and provides strong evidence that the
g1-fragment is actually rather lowering nidogen availability
than interfering directly with BM formation.
Furthermore, the lack of both nidogen isoforms, although
completely preventing BM development, had no striking
effect on synthesis or turnover of other BM components.
These proteins remained detectable on immunoblots inde-
pendent of the nidogen levels present in the cocultures. This
implies a profoundly altered conformation or distribution of
these components, while not affecting Western blots,
rendering them virtually undetectable at the DEJ by IIF. In
support of this interpretation, immuno-electron microscopy
had shown very diffuse patterns for laminin-5 and collagen IV
in former blocking experiments, which also revealed no
apparent degradation of BM components (Breitkreutz et al.,
2004). In nidogen-deficient 3D cocultures, laminin-10 (and
possibly other g1-laminin isoforms) was only found in the
epithelial compartment, whereas collagen IV and laminin-5
were detected in both the epithelial and dermal compart-
ments (separation with dithiothreitol). However, whereas
epithelial-associated laminin-5 was mainly unprocessed, it
was extensively processed in the dermal fraction. Although
these proteolytic modifications are required for hemidesmo-
some formation (Amano et al., 2000; Gagnoux-Palacios
et al., 2001; Veitch et al., 2003), there was no striking
difference in the nidogen-null samples, where hemidesmo-
somes were not assembled. Thus, the necessary clustering of
plaque components seems to require appropriate condensa-
tions of matrix molecules facilitated by nidogen. Correlating
to the lack of hemidesmosomes, integrin a6b4 as a major
constituent (Sonnenberg et al., 1991) was markedly redis-
tributed upon full nidogen depletion, without changes at the
protein level (data not shown).
Supplementation of nidogen-deficient 3D cocultures by
either recombinant nidogen-1 or -2 restored structures of the
BM zone and suggested even an accelerated assembly, when
compared to controls. This also demonstrates that nidogen-2
is functionally equivalent in this system like in nidogen-1-
deficient mice revealing unaltered BMs and tissue architec-
ture (Murshed et al., 2000). It now remains to be shown if cell
and protein interactions other than those involving laminin g1
are significant for BM restoration. The observed acceleration
of BM appearance in nidogen-supplemented cocultures is
most likely due to the high amounts of nidogen, probably
exceeding physiological levels at these early time points, and
suggests that nidogens are catalyzing BM organization.
Favoring this view is the early nidogen lining underneath
developing epithelia of cell grafts in nude mice, which
coincides with laminin-5 and precedes clearly BM-laminin
and collagen IV (Breitkreutz et al., 1997, 1998). Modulation
of these processes, allowing fine tuning, should be crucial for
proper BM remodeling in development but also adulthood
during tissue repair or the hair cycle. Confirming the data on
inhibition of nidogen–laminin binding, the present observa-
tions underline the influence of molar ratios on the kinetics of
BM assembly.
Studies with stable transfected perlecan-antisense HaCaT
cells and perlecan-null embryonic fibroblasts in our 3D
coculture model revealed that perlecan is not absolutely
required for BM formation (Sher et al., 2006). However,
minute levels of perlecan are needed for epidermal survival
by blocking apoptosis (Sher et al., 2006). Accordingly,
although nidogen deficiency drastically reduced perlecan at
the DEJ, these low amounts could still prevent apoptosis in
the nidogen-deficient cocultures (Figure 3g and h).
Preliminary results from newborn mice lacking both
nidogen isoforms indicate that in skin the deposition of other
BM components is not disturbed, revealing ultrastructurally
only slight inhomogeneities in the lamina densa (unpub-
lished). Whether these subtle defects would get more severe
later on, cannot be followed up in vivo owing to the perinatal
lethal defects in these mice. As a feasible alternative, skin-
organotypic 3D cocultures offer a closed model system with a
controllable set of elements. However, the different manifes-
tations of nidogen deficiency in vivo and in vitro must be
interpreted in the larger context of tissue specificity and the
respective microenvironment. Tissues, undergoing profound
remodeling after major injury, often show a high degree of
redundancy in repair mechanisms. In the physiological
situation, this allows fine adjustment to actual needs or a
changing microenvironment. This may explain the lack of
apparent phenotypes in certain transgenic models, unless
physiological or pathological stress is applied. Like in
therapeutic skin reconstruction, formation of a proper dermal
compartment is critical for optimizing epidermal properties,
keeping the balance between self-renewal and protective
functions. One serious limitation of the skin models in vitro is
fragility of the matrix supporting the epithelium, being
responsible for limited lifespan. To allow long-term applica-
tions, structural scaffolds have been integrated, thus creating
mechanically robust dermal equivalents (Fleischmajer et al.,
1995, 1998; Berthod et al., 2001). Using biodegradable
materials, we could generate a dense meshwork of newly
synthesized collagen I and III fibrils, considerably extending
3D coculture endurance (Stark et al., 2004). A major task is
now, if fibroblasts in this ‘‘authentic’’ matrix produce other
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components for physiologic tissue regeneration such as
fibrillins and fibulins (Timpl et al., 2003; Tiedemann et al.,
2005) or multiplexin collagens (Tomono et al., 2002), which
may compensate for nidogen loss thereby supporting BM
formation.
MATERIALS AND METHODS
Skin organotypic 3D coculture
The applied 3D coculture system has been described previously
using NHKs and dermal fibroblasts (Stark et al., 1999). Mostly clone
6 (herein addressed as HaCaT) of the human keratinocyte line
HaCaT (Boukamp et al., 1988) was used, chosen for its superior
differentiation capacity compared to the standard population. In
brief, HaCaT cells or third-passage NHK (1 106 cells/cm2) were
grown submersed on collagen I gels populated with mouse skin
fibroblasts (2 105 cells/ml) variably deficient in nidogen expres-
sion, using 25 mm filter inserts. Cocultures were placed in six-well
plates and exposed to the air–liquid interface after 1–2 days.
Treatment with nidogen-1 or -2 (5mg/ml each), as indicated, was
started 3 days later adding nidogen three times a week to the culture
medium. Recombinant murine nidogens were purified from serum-
free culture medium of 293 human embryonic kidney cells
transfected with nidogen-1 or -2 DNA-vectors, respectively (Fox
et al., 1991). For preparing fibroblasts from newborn mice, the skin
was removed, washed with phosphate-buffered saline, and floated
on 0.25% trypsin (in phosphate-buffered saline) at 41C, epidermal
site up. The next day, the dermis was separated from the epidermis,
minced and treated with 400 U/ml collagenase type I (Worthington,
St. Katharinen, Germany) for 1–2 hours at 371C. After vigorous
pipetting, cells were collected by centrifugation at 2,000 g for
10 minutes, resuspended in DMEM (Life Technologies, Eggenstein,
Germany), seeded, and cultured in DMEM containing 10% fetal calf
serum (Perbio, Bonn, Germany), 2 mM glutamine, 100 U/ml peni-
cillin, 100mg/ml streptomycin (all from Biochrom, Berlin, Germany),
and 50 mg/ml ascorbate (Sigma-Aldrich, Deisenhofen, Germany) at
5% CO2, 371C. Nearly confluent fibroblasts were subcultured by
trypsinization. HaCaT cells and NHKs were grown as described
previously (Boukamp et al., 1988; Breitkreutz et al., 1993; Stark
et al., 1999).
Histological analysis
The 3D cocultures, still attached to filter inserts, were rinsed with
phosphate-buffered saline, pre-fixed in 2% paraformaldehyde for
60–90 minutes, placed in 3.5% sucrose for 30 minutes, and dissected
for further processing. For histology, samples were then incubated in
4% paraformaldehyde overnight and treated accordingly for paraffin
embedding; alternatively, frozen sections were stained with hema-
toxylin and eosin.
IIF staining
Pre-fixed samples were incubated in blocking solution (50 mM
ammonium chloride), followed by 3.5% sucrose (2 hours or over-
night), embedded in Tissue-Tec, and frozen in liquid nitrogen vapor.
Cryostat sections (8 mm) were air-dried, incubated with primary
antibodies overnight at 41C, and with secondary antibodies for
30 minutes at room temperature (Breitkreutz et al., 2004). Rabbit
antibodies against laminin g2 were kindly provided by G. Meneguzzi
(Nice, France), EHS-laminin (from EHS tumor; Paulsson et al., 1987)
and collagen IV by J. Foidart (Liege, Belgium), nidogen-1 (Fox et al.,
1991) and nidogen-2 (Kohfeldt et al., 1998) by the late R. Timpl
(Martinsried, Germany), rat mAbs against integrin a6 (G0H3) by
A. Sonnenberg (Amsterdam, The Netherlands), and mouse monoclonals
against laminin a5 by I. Virtanen (Helsinki, Finland). The rabbit
antibodies against keratins and loricrin were purchased from
Covance Babco (Richmond, CA), rat monoclonals against perlecan
and mouse monoclonals against integrin b1 from Chemicon
International (Hampshire, United Kingdom). Primary antibodies
were adjusted with 1% BSA in phosphate-buffered saline to the
final working dilutions. Secondary antibodies were purchased from
Biotrend (Cologne, Germany), Dianova (Hamburg, Germany), and
Molecular Probes (Leiden, The Netherlands; Mobitec, Go¨ttingen,
Germany).
Electron microscopy
Specimens were fixed in 2.5% glutaraldehyde (in cacodylate buffer
(pH 7.2)), followed by 2% osmium tetroxide, stained en bloc with
uranyl acetate, and processed for embedding in Epon 812-equivalent
(Serva Bioproducts, Heidelberg, Germany) as reported (Breitkreutz
et al., 1998; Tomakidi et al., 1999; Mirancea et al., 2006). Ultrathin
sections were counterstained with uranyl acetate and lead citrate.
Immunoblot analysis
Fresh 3D cocultures were immersed in 10 mM dithiothreitol (in
phosphate-buffered saline) for 1 hour at 41C and the epithelium was
carefully peeled off the collagen gel (Breitkreutz et al., 2004). Both
tissue parts were transferred to separate Eppendorf tubes containing
200ml radioimmunoprecipitation assay extraction buffer (150 mM
NaCl, 0.1% Triton X-100, 0.1% SDS, 0.1% deoxycholate, 5 mM
EDTA, 10 mM Tris-HCl (pH 7.2), and protease inhibitors leupeptin,
pepstatin, aprotinin, 1mg/ml each, and 10 mM 4-(2-aminoethyl)-
benzene-sulfonylfluoride HCL (Pefabloc SCs); all from Biomol,
Hamburg, Germany). After 1 hour incubation on ice, samples were
sonicated, heated at 951C for 5 minutes, and cleared by centrifuga-
tion. Total protein (30 mg) was separated under reducing conditions
on 6 or 10% SDS-polyacrylamide gels. After transfer to nitrocellulose
membranes, the relative protein quantity and transfer quality were
controlled by Ponceau Red staining. Membranes were blocked by
10% low-fat milk and incubated with primary antibodies for
16 hours at 41C. Besides antibodies against laminin g2 and nidogens
listed above, mouse monoclonals against collagen IV were
purchased from Progen (Heidelberg, Germany), against laminin g1
and rabbit antibodies against laminin a5 from Santa Cruz (Santa
Cruz, CA), and rabbit against laminin-5 from Chemicon. Reactive
bands were detected with horseradish peroxidase-coupled second-
ary antibodies and chemiluminescence following the supplier’s
instructions (Amersham-Pharmacia-Biotech, Freiburg, Germany).
The publication of the paper has been approved by our Division
Head Petra Boukamp in the present form.
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